. Action of a restriction-modification gene complex. A Restriction enzyme (toxin) and modification methyltransferase (antitoxin). The antitoxin (modification enzyme) protects the targets of the toxin (restriction enzyme) by methylation. B Attack on incoming DNA. An attack on invading DNA that is not appropriately methylated is likely to be beneficial to the restriction-modification gene complex and to its host. C A simple dilution model for post-segregational killing. After loss of the restriction-modification gene complex, the toxin (restriction enzyme) and antitoxin (modification enzyme) will become increasingly diluted through cell division. Finally, too few modification enzyme molecules remain to defend all the recognition sites present on the newly replicated chromosomes. Any one of the remaining molecules of the restriction enzyme can attack these exposed sites. The chromosome breakage then leads to extensive chromosome degradation, and the cell dies unless the breakage is somehow repaired. The chromosome breakage may stimulate recombination and generate a variety of rearranged genomes, some of which might survive. rm Restriction-modification gene complex. Reproduced from Nucleic Acids Research (Kobayashi 2001) genome variation can also be explained by the selfish gene hypothesis, as will be outlined (Sect. 6).
In this chapter, I will first review the evidence supporting the notion that some restriction-modification gene complexes behave as mobile genetic elements that may induce genome variability (Sect. 2). Next, I will describe their attacks on the genome and their consequences and then present the selfish gene hypothesis (Sect. 3). This is followed by a review of the gene organization of these complexes and how they are regulated in relation to their life cycle (Sect. 4). The competition that exists between restriction-modification gene complexes is then described along with the other types of intragenomic interactions involving these complexes (Sect. 5). The effect of the parasitic selfish behavior of restriction-modification complexes on the genome, in A Once established in a cell, the addiction gene complex is difficult to eliminate because its loss, or some sort of threat to its persistence, leads to cell death. Intact copies of the gene complex survive in the other cells of the clone. B Advantage in competitive exclusion. A specific case of post-segregational cell killing showing the fight the gene complex raises against an incoming competing genetic element particular, their ability to induce mutagenesis and recombination, will then be discussed. This will illustrate how the host-parasite-type interactions between restriction-modification complexes and the genome contribute to genomic evolution (Sect. 6). How the selfish gene point of view can aid the classification of these complexes is described in Section 7. The next section (Sect. 8) discusses how these systems can be utilized in practical terms. The penultimate section (Sect. 9) proposes that the attack on the host by restriction-modification systems upon their disturbance reflects a general feature of genes that are assembled in a chromosome. The last section (Sect. 10) draws some conclusions.
This work owes much to other publications and databases. Particularly helpful were a brief but insightful review on programmed cell death in bacteria (Yarmolinsky 1995) , my own reviews on restriction-modification systems (Kobayashi 2001 ) and on post-segregational killing systems (Kobayashi 2003b) , and an extensive database on restriction enzymes and their genes, namely, REBASE (Roberts et al. 2003b) [http://rebase.neb.com]. To minimize the number of citations, only a few of the possible references have been cited. I welcome feedback on the novel view of restriction enzymes that is detailed in this chapter.
Genomics and Mobility of Restriction-Modification Systems
The decoding of several bacterial genomes has provided ample evidence of the variability and potential mobility of restriction-modification systems. Here I will review these lines of evidence. The question of how this variability/mobility is generated will be addressed again in Section 3.4.
Genomics
The restriction-modification gene homologues that have been identified in completely sequenced bacterial genomes are listed in REBASE. Some of these genomes -for example, those of Haemophilus influenzae, Methanococcus jannaschii, Helicobacter pylori, Neisseria meningitidis, Neisseria gonorrhoeae, and Xylella fastidiosa -have impressive numbers of restriction-modification gene homologues. Many restriction-modification gene homologues are specific to one strain within a given species, as has been noted for Escherichia coli [REBASE] , N. gonorrhoeae [REBASE] and H. pylori (Alm et al. 1999; Nobusato et al. 2000a) [REBASE] . For example, comparison of the modification enzyme homologues in two completely sequenced strains of H. pylori revealed that while many pairs were very similar to each other, some homologues occurred in only one strain (Alm et al. 1999; Nobusato et al. 2000a ).
Horizontal Gene Transfer Inferred from Evolutionary Analyses
Various types of evolutionary analyses suggest that restriction-modification genes have undergone extensive horizontal transfer between different groups of microorganisms (Table 1 (4); Kobayashi et al. 1999; Kobayashi 2001) . Early studies found that close homologues occur in distantly related organisms such as Eubacteria and Archaea (archaebacteria) (e.g. . Extensive sequence alignment and phylogenetic tree construction now provide strong support for this point (Nobusato et al. 2000a; Bujnicki 2001) . The incongruence in the same species of the phylogenetic tree of the methyltransferases with the tree of ribosomal RNA genes is additional evidence of the extensive horizontal transfer that the restriction-modification genes appear to have experienced (Nobusato et al. 2000a) . Moreover, the GC content and/or codon usage of restriction-modification genes often differ from those of the majority of the genes in the genome (Jeltsch and Pingoud 1996; Alm et al. 1999; Nobusato et al. 2000a; Chinen et al. 2000b ). This indicates that some restriction-modification genes may have joined the genome relatively recently by horizontal transfer from distantly related bacteria.
Presence on Mobile Genetic Elements
Sometimes there are hints for the molecular basis of the variability and horizontal transfer of restriction-modification gene complexes. One of these hints is that these complexes are often found on a variety of mobile genetic elements [ Table 1 (2)]. For example, many restriction-modification gene complexes reside on plasmids (Table 2, B). Many of the cases of strain-specific restriction-modification systems in E. coli can be explained by their presence on plasmids [REBASE] . Moreover, some restriction-modification gene homologues have been found in a prophage in the chromosome [ Table 1 (2)]. Others are on transposons, conjugative transposons (or integrative conjugative elements), genomic islands, and integrons [Table 1 (2)]. Restriction-modification gene homologues are also sometimes found to be linked with mobilityrelated genes, although the significance of this linkage is less clear than with the above cases (Xu et al. 1998; Vaisvila et al. 1995) .
Genomic Contexts and Genome Comparison
Close examination of the genomic neighborhood of restriction-modification gene homologues and its comparison with a closely related genome also sometimes provide hints as to how restriction-modification gene complexes can enter a genome and be associated with genome rearrangements [Table 1 (3), Fig. 3 ]. (Akopyants et al. 1998; Alm et al. 1999; Nobusato et al. 2000a; Xu et al. 2000; Lin et al. 2001 ) (2) Presence on mobile genetic elements (2-1) Plasmid
Many. See Table 2 , B (2-2) Bacteriophage (prophage)
hindIII on Phi-flu in Haemophilus influenzae (Hendrix et al. 1999 ) sau42I on Phi-42 in Staphylococcus aureus (GenBank X94423; ) ecoO109I on P4 in Escherichia coli (Kita et al. 1999 ) ecoT38I on P2 in Escherichia coli (Kita et al. 2003 ) bsuMI on prophage 3 of Bacillus subtilis (Ohshima et al. 2002) dam on Bacteriophage T2 of Escherichia coli (Miner and Hattman 1988 (Fig. 3A) Haemophilus aegyptius (Stein et al. 1998 ) nmeBI or nmeDI between pheS and pheT in Neisseria meningitidis (Claus et al. 2000; Saunders and Snyder 2002) ssuDAT1I between purH and purD in Streptococcus suis (Sekizaki et al. 2001 ) (3-2) Insertion with a long target HP1366/ HP1367/ HP1368 (Type IIS duplication (Fig. 3B) restriction-modification gene homologues) into jhp1284/ jhp1285 (Type III restriction-modification system in Heliobacter pylori (Nobusato et al. 2000b ) (3-3) Simple substitution ( Fig. 3C) Restriction-modification homologues in Helicobacter pylori strains (Alm et al. 1999; Nobusato et al. 2000b ) and in Pyrococcus species (Chinen et al. 2000b ) (3-4) Substitution adjacent to large Restriction-modification homologues inversion (Fig. 3D) in Helicobacter pylori strains (Alm et al. 1999 ) and in Pyrococcus species (Chinen et al. 2000b ) (3-5) Apparent transposition (Fig. 3E) Restriction-modification homologues in Helicobacter pylori strains (Alm et al. 1999; Kobayashi 2001) and in Pyrococcus species (Chinen et al. 2000b ) (4) Evolutionary/ informatic analyses (4-1) Phylogenetic analysis through Close homology between archaeal and sequence alignments eubacterial restriction-modification genes Modification genes (Jeltsch et al. 1995; Nobusato et al. 2000a; Bujnicki 2001) ; Restriction genes (Bujnicki 2001) (4-2) GC3 (GC content of the third letter of a Restriction modification genes in many codon; difference from bulk of the genome) eubacteria and Archaea, e.g. Helicobacter pylori (Alm et al. 1999; Nobusato et al. 2000a ) (4-3) Codon usage (difference from bulk Restriction modification genes in many of the genome) eubacteria and archaea, e.g. (Jeltsch and Pingoud 1996; Karlin et al. 1998b) 
Insertion into an Operon-Like Gene Cluster
Comparison of the sequence of Haemophilus aegyptius with that of Haemophilus influenzae suggests that the HaeII restriction-modification gene complex was inserted into an operon-like gene cluster in an ancestor of H. aegyptius and that this replaced a short intergenic sequence [ Fig. 3A , Table 1 (3-1)]. A similar insertion was found between phS and phT in Neisseria. There are several nonhomologous alleles, not necessarily restriction-modification gene homologues, that can occupy this region (Saunders and Snyder 2002) . In the pur cluster of Streptococcus suis, the insertion of the ssuDAT1I genes carries a 3-bp terminal duplication (Sekizaki et al. 2001) . 
Insertion with Long Target Duplication
Some restriction-modification gene homologues are found to be flanked by long (in the order of 100 bp) direct repeats (Lubys et al. 1996; Gunn and Stein 1997; Nobusato et al. 2000b; Aras et al. 2001) . The comparison of two genomes of H. pylori has suggested that this duplication is generated when a restriction-modification gene complex inserts itself into the genome (Fig. 3B : Nobusato et al. 2000b ).
Substitution Adjacent to a Large Inversion
When closely related bacterial genome sequences are compared, it appears that restriction-modification gene complexes often substitute other sequences [ Fig. 3C , 
Apparent Transposition

Linkage of a Restriction-Modification Gene Complex with Another Restriction-Modification Gene Complex or a Cell Death-Related Gene
Some subgenomic regions in H. pylori are full of restriction-modification gene homologues (Alm et al. 1999; Nobusato et al. 2000b; Kobayashi 2001) . Indeed, restriction-modification gene complexes are often found to be linked with another restriction-modification gene complex [REBASE] or with other types of cell death-related genes . They are similar to subgenomic regions full of mobile elements in some prokaryotic genomes and many eukaryotic genomes.
Defective Restriction-Modification Gene Complexes
Many restriction-modification gene homologues in the sequenced genomes appear to be defective due to insertions, deletions and point mutations [REBASE] . For example, many of the restriction-modification homologues present in the fully sequenced H. pylori genomes are defective (Nobusato et al. 2000b; Lin et al. 2001) . When two H. pylori strains were analyzed, while all the strain-specific restriction-modification gene homologues were found to be active, most of the shared restriction-modification genes turned out to be inactive in both strains (Lin et al. 2001) . This supports the notion that the strain-specific restriction-modification genes were acquired more recently through horizontal transfer from other bacteria and were selected for function. This is reminiscent of the defective transposons in many genomes. Sometimes a restriction-modification gene complex appears to have been inactivated by the insertion of another restriction-modification gene complex [ Table 1 (3-2); Nobusato et al. 2000b] . This is similar to the insertion of transposons into other transposons, which is frequently observed in plant and other genomes. These defective restriction-modification gene complex homologues may have some activity, as do some defective viruses and transposons (see Sect. 5.2). Such mutational inactivation of restriction-modification genes can be distinguished from the phase variation of restriction-modification systems (Dybvig et al. 1998; Saunders et al. 1998; Alm et al. 1999; Kobayashi 2001) .
Attack on the Host Genome and the Selfish Gene Hypothesis
The above observations are in harmony with the hypothesis that restrictionmodification gene complexes represent a class of mobile genes that move between genomes and cause genome rearrangements of various types. Viruses, transposons and other mobile genetic elements all employ unique strategies for their own survival. The strategy used by restriction-modification gene complexes is straightforward, namely, they destroy nonself DNA that is marked by the absence of proper methylation. Their attack on invading DNAs represents one simple manifestation of this strategy.
Post-Segregational Host Cell Killing
The resistance of restriction-modification gene complexes to their loss from a cell through post-segregational host killing (the programmed death of cells that have been freed of a restriction-modification gene complex; Fig. 2A ) was observed when a restriction-modification gene complex was challenged by a competitor genetic element (Fig. 2B) . A plasmid carrying a restriction-modification gene complex cannot be readily displaced by an incompatible plasmid in transformation . Similarly, a restriction-modification gene complex on the bacterial chromosome cannot be easily replaced by a homologous stretch of DNA through homologous recombination in bacteriophage-mediated transduction (Handa et al. 2001 ) and in natural transformation (Sadykov et al. 2003) . It turned out that the replacement does occur but that those cells experiencing the replacement fail to survive.
A plausible reason for this phenomenon is illustrated in Fig. 1C . If a restriction-modification gene complex is lost, the cell's descendants will contain fewer and fewer molecules of the modification enzyme because of dilution. Eventually, the modification enzyme's capacity to protect the many recognition sites on newly replicated chromosomes from the remaining pool of restriction enzymes becomes inadequate. Chromosomal DNA will then be cleaved at these exposed sites, leading to cell death (unless the break is repaired; see Sect. 6 below). Naturally, the restriction enzyme will also be diluted by cell division following the loss of the gene complex. However, there is asymmetry between the roles of the methyltransferase and the restriction enzyme -the asymmetry between life and death. For the restriction enzyme to kill the cell, a single break on the chromosome may well be sufficient. In contrast, for the modification enzyme to keep the host alive, all (or sufficiently many) of the hundreds of recognition sites along the chromosome need to be methylated.
Evidence that supports this simple dilution model was obtained by experiments in which a restriction-modification gene complex on a plasmid with a temperature-sensitive replication machinery was lost from E. coli cells after a temperature shift Kusano et al. 1995; Handa and Kobayashi 1999; Handa et al. 2000; Chinen et al. 2000a ). The blockage of plasmid replication stopped the increase in viable cell counts and resulted in loss of cell viability. This led to induction of the SOS response. Many cells formed long filaments, some of which were multinucleated and others anucleated. The accumulation of very long noncircular forms of chromosome followed by extensive DNA degradation was observed.
The author's group has been successful in demonstrating that all the Type II restriction-modification systems examined so far (PaeR7I, EcoRI, EcoRV, EcoRII, SsoII and BamHI) show post-segregational killing activity. Consequently, I am inclined to believe that this may be a general property of Type II restriction-modification systems. The strength of the activity, however, varies widely among these Type II restriction-modification systems and among host genetic backgrounds (see Sects. 5 and 6). Post-segregational cell killing by other types of restriction-modification systems has not yet been reported, although host attack by a Type I restriction-modification gene complex under special environmental and/or genetic conditions has been detected (O'Neill et al. 1997; Makovets et al. 1999; Cromie and Leach 2001; Murray 2002) .
Comparison with Other Post-Segregational Cell Killing Systems
Post-segregational killing has been long recognized as a mechanism by which plasmids are stably maintained (Table 2; Yarmolinsky 1995; Gerdes et al. 1997; Gerdes 2000; Kobayashi 2003b ). Such plasmid post-segregational killing systems consist of a pair of linked genes that encode a toxin protein (also called CcdA (= LetA) Jaffe et al. (1985) segB ( Some parts were modified from (Gerdes 2000) and from REBASE (http://rebase.neb.com; Roberts et al. 2003b) killer or poison) and an antitoxin (also called anti-killer or antidote). The antitoxin blocks the action of the toxin by interacting with it either as a protein (classical proteic toxin/antitoxin systems; Gerdes 2000) or as an antisense RNA that inhibits the expression of the toxin (anti-sense-RNA-regulated systems; Gerdes et al. 1997) . (The word classical is used because the restriction-modification systems are also made up of a protein toxin and a protein antitoxin.) Loss of the gene pair from a cell brings about the lethal action of the toxin because the antitoxin gene product is metabolically unstable. Since the cells that have lost the plasmid die, the plasmid is maintained at a high frequency in the population of viable cells ( Fig. 2A) . The targets and mechanisms of action of several post-segregational killing systems are now being understood at the level of protein structure ( Table 2 ). The toxin protein may be a holin (which makes a hole in the cytoplasmic membrane), a phosphotransferase, or a codon-specific mRNA nuclease (Gerdes et al. 1997; Kamada et al. 2003; Meinhart et al. 2003; Pedersen et al. 2003) .
As expected, the insertion of several Type II restriction-modification gene complexes into a plasmid increases the stability of its maintenance in pure culture Kulakauskas et al. 1995a; Kusano et al. 1995; Handa and Kobayashi 1999; Handa et al. 2000; Nakayama and Kobayashi 1998; Chinen et al. 2000a; Takahashi et al. 2002) . Figure 4 shows the plasmid stabilization that occurs when the EcoRII restriction-modification gene complex is inserted (Chinen et al. 2000a; Takahashi et al. 2002) . This is similar to the maintenance of a plasmid that carries an antibiotic-resistance gene (such as amp) in the presence of the antibiotic (such as ampicillin). The loss of the plasmid and hence the resistance gene leads to cell death, so that all the surviving cells carry the resistance gene (amp) and hence the plasmid. If the selection by the antibiotic can be called external, then the selection imposed by the restriction-modification gene complex (and other post-segregational killing systems) can be called internal.
The concept that a genetic element is maintained because it is toxic to the genome rather than because it is useful for the genome is not as paradoxical as it appears. First of all, the genomes emerging from the decoding efforts do not look like a well-designed and optimized blueprint for a machine. Rather, they look like a relatively disorganized and ever-changing community of genes that can have potentially different interests to that of serving the community. These genes can move into the genome and can also disappear. Bacteriophage genomes, for example, stay as a prophage in the genome and are induced to replicate under some stressful conditions. Second, the toxic effect of post-segregational killing systems is tightly repressed under most conditions (see Sect. 4). Third, it is likely that pure cultures of a bacterial line carrying a plasmid occur only rarely in the natural environment. Normally the plasmid (as with other pieces of DNA) would regularly encounter competitors. Consequently, its post-segregational killing activity provides it with a competitive advantage as discussed (Sect. 3.1; Fig. 2B ), since the killing of the host that has been infected with the competitor DNA allows copies of the plasmid to survive in the neighboring clonal cells. The killing that is induced by post-segregational killing genes resembles altruistic suicide despite the fact that it is induced by a self-interested piece of DNA.
Selfish Gene Hypothesis
The resistance of chromosomal restriction-modification gene complexes to being replaced by a homologous stretch of DNA as described above (Handa et al. 2001; Sadykov et al. 2003) demonstrates that the restriction-modification gene complex, rather than the plasmid, is the unit of post-segregational killing and hence is likely the unit of selection. The above arguments (Sect. 3.2) that point out that plasmids carrying a post-segregational killing gene complex have a competitive advantage can also be applied to restriction-modification gene complexes. The killing provides an advantage to the restriction-modifi-Plasmid maintenance by EcoRII (Graph) Fig. 4 . Carriage of the EcoRII restriction-modification gene complex stabilizes the maintenance of a plasmid, but this is suppressed when dcm for a solitary methyltransferase is present on the chromosome. The plasmid carries either an intact restriction gene or its mutant form. The chromosome of the Escherichia coli host carries either an intact dcm gene or its mutant form. The cells with one of the plasmids were grown in liquid medium after removing the agent that selects the plasmid. The culture was continued with appropriate dilutions, after which the cells were spread on agar that is either selective or not selective for the plasmid, followed by colony counting. The number of plasmid-carrying cells (colony formers on agar selective for the plasmid) divided by the number of viable cells (colony formers on unselective agar) was plotted on the vertical axis. The number of viable cells was used to calculate generation numbers on the horizontal axis. Modified from Journal of Bacteriology (Takahashi et al. 2002) cation gene complex and any linked genes as well. It has been hypothesized that the competitive advantage of post-segregational killing has, at least in part, assured the maintenance of these restriction-modification systems Kusano et al. 1995; Kobayashi 1996; 1998b) . This suggests that restriction-modification gene complexes could be regarded as a form of life. More specifically, these restriction-modification elements deserve to be called selfish genes in the sense that this term is used in genetics, evolutionary biology and behavioral ecology (Kobayashi 1998b; Haig 1997; Hurst and Werren 2001) . This mode of cell death -apparently altruistic cell death programmed by a resident genetic element upon invasion of its competitor genetic element (Fig. 2B) -is also seen in phage exclusion (Snyder 1995) .
The term genetic addiction has also been applied to post-segregational killing systems (Lehnherr et al. 1993; . This term explains how these gene sets can work symbiotically with a host genome. The host also could gain an advantage when a post-segregational killing complex is present on its genome. Its cell killing activity would defend the host genome against infection (Fig. 2B ). More generally speaking, the deaths induced by these postsegregational killing genes could be useful for bacterial survival just as programmed cell deaths are useful for survival of multi-cellular organisms (Yarmolinsky 1995) . Another argument for using "addiction" instead of "postsegregational killing" is that it is a better term in cases where these elements' action can only result in inhibition of growth, as opposed to outright killing, of its host. See Section 6 for more discussion about this point. A thorough discussion of genetic addiction can be found elsewhere .
Genomics as Explained by the Selfish Gene Hypothesis
The primary property of restriction-modification gene complexes, namely, post-segregational cell killing, may explain their mobility and other genomic aspects (see Sect. 2).
The restriction-modification gene complex would provide a competitive advantage to not just plasmids but also to any DNA that is linked with it (Fig. 2B) . Any type of genetic element that is relatively independent from the remainder of the genome (e.g. plasmids, bacteriophages, proviruses) is essentially unstable in its maintenance, and therefore it would benefit from carrying a restriction-modification gene complex. Thus, the selfish behavior of the restriction-modification gene complex would increase the stability of the associated DNA. In return, the restriction-modification gene complex would acquire mobility. This explains the carriage of a restriction-modification gene complex by the many different mobile elements (and, of course, by plasmids) discussed above [Sect. 2.3; Tables 1 (2), 2, B].
A feature that is common to some of those genomes that bear many restriction-modification homologues (see Sect. 2.1) is their marked capacity for nat-ural transformation. This mechanism allows all the genes in the genome to move between genomes of a population by means of homologous recombination. Thus, a restriction-modification gene complex does not have to depend on a mobile element for its mobility. This susceptibility to natural transformation also means that chromosomal genes would be frequently replaced by incoming homologous stretches of DNAs. The restriction-modification gene complexes will resist their loss by host killing as has been demonstrated (Sadykov et al. 2003) . Moreover, the restriction-modification gene complexes would also defend themselves and their host bacterial cells against invading DNAs by cleaving this foreign DNA.
The features of the restriction-modification genes complexes that were revealed by the analyses of genome contexts and the comparison of closely related genomes [Sect. 2.4; Table 1 (3)] may be explained by the selfish nature of these complexes. Insertion into an operon (Sect. 2.4.1) would be beneficial for the complexes as it allows the restriction-modification genes to spread horizontally by homologous recombination by taking advantage of the flanking sequences within a species (Saunders and Snyders 2002) . Homologous recombination may lead to an increase of their frequency in the population because of their resistance to loss by post-segregational killing. The operon would also acquire stability in the maintenance of its persistence and expression, especially when it is in competition with an operon of a similar function.
Insertion with long target duplication (Sect. 2.4.2) benefits the restrictionmodification genes similarly to the insertion into an operon described above in several points. A disadvantage of this structure for the inserted gene complex is that later host-mediated homologous recombination between the duplicated regions could result in the deletion of the restriction-modification gene complex (Aras et al. 2001) . However, the restriction-modification gene complex would resist such loss through post-segregational killing. The long flanking direct repeats could also benefit restriction-modification gene complexes as it would promote their multiplication, as discussed later (see Sect. 4.3) .
The linkage of restriction-modification homologues with a large inversion (Sect. 2.4.3) would provide another means of resistance to loss, as it would inhibit its replacement by its allele through homologous recombination, which needs homology in both sides.
Gene Regulation in the Life Cycle of RestrictionModification Systems
Restriction-modification systems are regulated by a variety of mechanisms. These different mechanisms may be interpreted in terms of their behavior as post-segregational killing gene complexes, namely, that they have to establish themselves, maintain themselves, and engage in post-segregational killing when they are threatened. When a restriction-modification gene complex attempts to establish itself in a new host cell, it must avoid cell killing by expressing its modification enzyme (antitoxin) first, after which its restriction enzyme (toxin) can be expressed (Fig. 5A ). In the maintenance phase, the amounts of its products should be tightly auto-regulated so that the restriction attack on the host is minimized until a signal to attack has been received. The strategies used to establish, auto-regulate and kill the cell appear to vary among the restriction-modification systems and depend on their gene organization (Fig. 6 ). 
Gene Organization
The toxin and antitoxin genes in other (non-restriction-modification) postsegregational killing systems are compactly organized (Gerdes 2000; Kobayashi 2003b ). Similarly, the constituent genes of most of the restrictionmodification systems identified so far are also tightly linked with each other. Indeed, sometimes the genes actually overlap (Lubys et al. 1994; Sekizaki et al. 2001) . Such compact organization would promote the simultaneous loss of restriction and modification genes that would then induce post-segregational killing. Thus, such clusters represent units of mobility and selection. In several cases, however, restriction-modification and/or specificity gene homologues are separated in the genome. These cases may represent, in principle, either (1) the decay of a restriction-modification gene cluster (Sect. 2.5), (2) a unique function as a solitary gene (Sect. 5.2), and/or (3) a restriction-modification system that is composed of unlinked genes (Schouler et al. 1998; Dandekar et al. 2000; Kuroda et al. 2001) . These cases may represent the loss of virulence ('selfishness') of restriction-modification gene complexes towards their hosts as discussed earlier (Kobayashi 2001 Table 2 and text for references In many of the classical proteic toxin/antitoxin systems characterized so far, the genes form an operon with the antitoxin gene followed by the toxin gene . In another system, however, this order is reversed (Tian et al. 1996) . Such co-linear arrangements are also found in most restriction-modification systems (Wilson and Murray 1991) [REBASE] (Fig. 6 ). In the PaeR7I and Cfr9I systems, the modification gene is the first gene, but in the SalI and EcoRI systems, the restriction gene is the first. Several restrictionmodification systems, such as SsoII, show divergent organization, but several others, such as EcoRII, show convergent organization. Several addiction gene complexes such as segB ( 
Gene Regulation
Restriction Gene Downstream of Modification Gene
In the Cfr9I operon (Fig. 6) , the last codon of the modification gene overlaps with the start codon for the restriction gene (ATGA). Moreover, a nucleotide sequence that is complementary to a predicted Shine-Dalgarno sequence precedes cfr9IR and lies within the cfr9IM gene. These features may relate to some regulatory mechanism that controls the expression of the restriction gene (Lubys et al. 1994 ).
Restriction Gene Upstream of Modification Gene
In the SalI operon (Fig. 6) , the toxin (restriction enzyme) gene lies upstream of the antitoxin (modification enzyme) gene, similar to what was observed for one of the classical proteic post-segregational killing systems (Tian et al. 1996) . These two operons are regulated by a similar mechanism (Alvarez et al. 1993 ). The operon is mainly transcribed from a promoter located immediately upstream of salIR. However, there is another promoter within the 3¢ end of the salIR coding region that allows the modification gene to be expressed in the absence of the former promoter. The latter promoter might be involved in the establishment of modification activity prior to restriction endonuclease activity within a new host.
Modification Enzyme as a Regulator
In many of the classical proteic post-segregational killing systems, the antitoxin protein serves as a regulator . Likewise, in some restriction-modification gene complexes, the modification enzyme is involved in the gene regulation. For example, EcoRII methyltransferase (M.EcoRII) represses its own expression at the transcriptional level (Som and Friedman 1993) . Likewise, M.MspI represses, in trans, the expression of the mspIM-lacZ fusion by binding to the intergenic region between mspIM and mspIR (Som and Friedman 1997) . Moreover, in lacZ fusion experiments, M.SsoII was shown to repress its own synthesis but to stimulate expression of the cognate restriction endonuclease. These mechanisms would help in the establishment of the complex and would tightly regulate the amounts of the gene products. The N-terminus of M.SsoII, which is predicted to form a helixturn-helix, was shown to be responsible for its regulatory functions as well as its specific DNA-binding activity (Karyagina et al. 1997) . The methyltransferase M.ScrFIA from the ScrFI system also carries a helix-turn-helix motif at its N-terminus and serves as a regulator (Butler and Fitzgerald 2001) .
Transcription of the restriction-modification operons can also be regulated by the methylation of cognate recognition sites.An example of this is the CfrBI system. Here M.CfrBI decreases the transcription from the cfrBIM promoter but increases the transcription from the cfrBIR promoter. These effects depend on the methylation at the CfrBI site in the promoter region by M.CfrBI (Beletskaya et al. 2000) . Similar apparently strategically placed cognate recognition sites in the regulatory region are found with other restriction-modification gene complexes (Wilson and Murray 1991) [REBASE].
Regulatory Proteins
The control (C) protein present in several restriction-modification gene complexes stimulates the expression of the restriction gene and/or represses the expression of the modification gene (Tao et al. 1991; Lubys et al. 1999; Kroger et al. 1995; Anton et al. 1997; Vijesurier et al. 2000) . Some C proteins also regulate their own synthesis (Kita et al. 2002; Cesnaviciene et al. 2003) . Thus, these proteins may play a role in the establishment and auto-regulation of restriction-modification systems. As with the regulatory methyltransferases described above (see Sect. 4.2.3), these proteins also have a helix-turn-helix domain that is probably responsible for DNA binding. Their modes of action and their recognition sites have been analyzed (Rimseliene et al. 1995; O'Sullivan and Klaenhammer 1998; Bart et al. 1999; Kita et al. 2002; Cesnaviciene et al. 2003) . That C regulatory proteins actually participate in post-segregational killing has been demonstrated for EcoRV (Nakayama and Kobayashi 1998) .
Type I Restriction-Modification Systems
Following the conjugal transfer of the hsdK genes (hsdR, hsdM, and hsdS) of E. coli K-12, restriction activity was first detected only after approximately 15 generations, whereas modification activity was observed immediately. This sequential expression may play a role in the establishment of the hsdK genes in an unmodified host and suggests that restriction activity is regulated after conjugal transfer (Prakash-Cheng and Ryu 1993).
Another regulatory protein is the ClpXP protein, which regulates the endonuclease activity of EcoKI by degrading the subunit that is essential for restriction but not for modification. ClpXP protects the bacterial chromosome but few such restriction-alleviating effects were detected with unmodified foreign DNA within the cytoplasm of a restriction-proficient cell (Doronina and Murray 2001).
Restriction-Modification Gene Complexes May Be Able to Multiply Themselves
Favoring the selfish gene point of view is the observation that a restrictionmodification gene complex engages in virus genome-like multiplication by itself (Sadykov et al. 2003) . In this case, when a Bacillus subtilis clone carrying a copy of the BamHI gene complex flanked by long direct repeats was propagated, extensive tandem amplification of bamHI was observed in some clones. Mutational analysis suggested that restriction cutting of the genome partici- (Sadykov et al. 2003) pates in the amplification. Visualization by fluorescent in situ hybridization (FISH) revealed that the amplification occurred in single cells in a burst-like fashion, which is reminiscent of the induction of provirus replication (Fig. 7) . The long direct repeats flanking several restriction-modification gene complexes in several naturally competent bacteria (see Fig. 3B ; Sect. 2.4.2) would aid their amplification. The ability of a restriction-modification gene complex to amplify itself may help its maintenance, multiplication and spreading within a population of naturally competent bacteria. These observations suggest that a restriction-modification gene complex might be able to increase its frequency in the cell population through a life cycle that is similar to that of a DNA virus. More precisely, they may be regarded as DNA viroids, which are DNA viruses that lack a capsid (Kobayashi 2002) .
Intra-Genomic Competition Involving RestrictionModification Gene Complexes
Just as with other mobile elements, such as viruses, there are various forms of competition between restriction-modification systems during several phases of their life cycle. For example, when one restriction-modification system tries to kill the host, another restriction-modification system may prevent the killing. Conversely, when one restriction-modification system tries not to kill the host, the other restriction-modification system may force it to kill the host. Such interference takes place when there is some similarity in the two restriction-modification systems and may help in classifying restrictionmodification systems (Sect. 7). Insertional inactivation of one restrictionmodification gene complex by another (Sect. 2.5) represents another form of their competition.
Two Restriction-Modification Systems with the Same Recognition Sequence can Block the Post-Segregational Killing Potential of Each Other
When two addiction systems that have antitoxins with the same activity are present in the same cell, interference of the post-segregation killing activity of the two systems would result. In other words, the loss of one addiction gene complex would not lead to killing because the antitoxin of the other addiction gene complex would prevent the action of the toxin (Fig. 8) . In restriction-modification systems, this type of competition can be clearly described as the protection of the recognition sequences on the chromosome by another methyltransferase . For example, EcoRI cannot cause post-segregational killing when RsrI is present in the same host because the methyltransferases of both systems protect the same recog-nition sequences (5¢ GAATTC). Such within-host competition for recognition sequences may explain the evolution of the individual specificity and collective diversity in target sequence recognition by restriction-modification systems. The evolution of this feature of restriction-modification systems has been explained previously as frequency-dependent selection by invaders (Levin 1988) .
The competition for recognition sequences can be one-sided when the targets of one post-segregational killing system are included in the targets of the other system. For example, SsoII recognizes 5¢ CCNGG (where N=A, T, G or C) while EcoRII recognizes 5¢ CCWGG (where W=A or T). The SsoII system can prevent the post-segregational killing of the EcoRII system because it protects all of the 5¢ CCWGG sequences. In contrast, the EcoRII system cannot prevent the post-segregational killing by the SsoII system because it cannot protect the 5¢ CCGGG and CCCGG sequences recognized by SsoII (Chinen et al. 2000a ). This one-sided incompatibility implies that there is selective pressure on restriction-modification systems to recognize less specific recognition sequences.
Solitary Methyltransferases Can Attenuate the Post-Segregational Killing Activity of Restriction-Modification Systems
There is wide variation in the strength of host killing (virulence) even between closely related addiction systems (for example, see (Chinen et al. 2000a) ). Restriction-modification gene complexes or their restriction genes often suffer from a mutation that reduces their virulence, as discussed above (Sect. 2.5), probably as a result of selection against their virulence (Sect. 6.1). The above type of competition between restriction-modification systems (Sect. 5.1) could help a less virulent system to attenuate the attack of a virulent system. This benefit may promote the acquisition by hosts of less virulent systems. We may call this an immunization or vaccination effect.
An extreme case of this is where a solitary antitoxin (methyltransferase) that is not paired with a toxin (restriction enzyme; Sect. 2.5) attenuates the activity of the toxin (restriction enzyme) from another system. An example is the solitary methyltransferase Dcm, which occurs in the chromosome of E. coli and related bacteria. Dcm methylates 5¢ CCWGG sites (where W=A or T) and thus defends its host's genome from the toxin of the EcoRII restrictionmodification system, which recognizes exactly the same sequence, as demonstrated in Fig. 4B (Takahashi et al. 2002) . Another example is a plasmid that carries a homologue of the SsoII methyltransferase together with a truncated form of the SsoII restriction enzyme gene (Ibanez et al. 1997 ). This solitary methyltransferase could conceivably protect cells from the post-segregational activity of the intact SsoII system. A solitary DNA methyltransferase homologue that could play a similar role has been found in an integron cassette in Vibrio cholerae (Table 1 ). In addition, some bacteriophages are known to carry a solitary DNA methyltransferase (Hattman et al. 1985; Trautner and Noyer-Weidner 1993) that may serve to defend their genomes from restriction attack in the new host cells that they have entered.
Resident Restriction-Modification Systems Can Abort the Establishment of a Similar Incoming Restriction-Modification System
A resident post-segregational killing system can abort the establishment of another post-segregational killing system if both systems regulate their establishment in a new host in a similar fashion. As discussed above (Sect. 4), when restriction-modification systems establish themselves in a new host, they first express the modification gene and then the restriction gene to prevent cell killing. Here, the accumulation of a regulatory protein -the modification enzyme itself or a C regulatory protein -leads to the expression of the restriction enzyme (Fig. 5A) . When a resident restriction-modification system has the same specificity in this establishment-regulating mechanism, its transactivation may lead to the cell killing (Fig. 6B) . In other words, the regulatory proteins of the resident restriction-modification system that induces restriction enzyme expression may act on the incoming restriction-modification gene complex, forcing the premature expression of its restriction enzyme in the absence of the prior expression of its modification enzyme. This would kill the host, thereby aborting the establishment of the incoming gene complex. This type of trans-activation has been found between restriction-modification systems that carry C regulatory proteins of the same specificity and has been designated as super-infection exclusion, mutual exclusion or apoptotic mutual exclusion (Nakayama and Kobayashi 1998) . Such mutual competition between restriction-modification systems may have driven the evolution of specificity in the mechanisms that regulate establishment. This feature may be useful in classifying restriction-modification systems (Sect. 7).
Suicidal Defense Against Restriction-Modification Gene Complexes
From the host's point of view, the above apoptotic mutual exclusion mechanism resembles a suicidal strategy to block infection (Fig. 2B) . The same type of mechanism could also be employed when the cell bears a solitary toxin that can sense the invasion of a restriction-modification system. Examples of this are methylated DNA-specific endonucleases (such as McrBC in E. coli) that recognize the genome methylation by an incoming restriction-modification system and then cut the chromosome ( Fig. 9A; Kobayashi 1996 ).
Defense Against Invaders by Restriction-Modification Systems
Post-segregational killing by a restriction-modification system after the invasion of its competitor (Fig. 2B) is beneficial to the restriction-modification system and, in most cases, to the host as well, as discussed above (Sect. 3.3). From the host's point of view, this mechanism represents a suicidal strategy to block infection. Direct attack on invading DNAs by a resident restrictionmodification system (Fig. 1B) is also beneficial to the restriction-modification system and, in most cases, to the host.
Genome Dynamics and Genome Co-Evolution with Restriction-Modification Gene Complexes
The restriction-modification systems and the host bacteria thus show a wide variation with respect to virulence and susceptibility. This variability in both sides may be a central property of their interaction and likely reflect their past interaction. The restriction-modification gene complexes have a long-term as well as a short-term effect on their hosts. By killing off hosts that lose the restriction-modification gene complexes, they select for hosts that have a reduced tendency to lose them. The host genome will also select the restriction-modification gene complexes with reduced virulence as discussed above (Sect. 5), although the host might benefit from the restriction-modification gene complexes under some conditions (Sect. 3.3). There could be a fine balance between the costs and benefits of the restriction-modification-induced death for the restriction-modification system (symbiont), the host, and the host-symbiont complex. There are signs of host-symbiont co-evolution in the genomes and genome dynamics that may reflect such a balance. The choice between life and death will depend on the various forms of genome dynamic, namely mutagenesis and recombination, induced by the action of restrictionmodification systems on the genome. These processes, in turn, will directly affect evolution of the genome. Table 3 tries to incorporate these topics and previously discussed ones and to evaluate the possible benefits/costs to the restriction-modification gene complex, to the genome and to the third party.
Some Restriction-Modification Gene Complexes and Restriction Sites are Eliminated from the Genome
Signs of strong selection against restriction sites that are the targets of attack by restriction-modification systems are seen in the genomes. Such systematic avoidance of potential restriction sites (palindromes) in bacterial genomes is called restriction avoidance and has been well characterized from the informatic point of view (Gelfand and Koonin 1997; Rocha et al. 1998; . For example, EcoRI sites are rare in the genome of its natural host, E. coli (Gelfand and Koonin 1997) . This is likely to have resulted from selection due to host attack by restriction-modification systems. (However, it is difficult to evaluate the contribution, if any, of selection through restriction attacks on transferring genomic DNAs within a group.) In many genomes, restriction avoidance is more pronounced in the genome proper than in its prophages. This is probably because the genome proper has long experienced selection by restriction-modification systems, while the prophages, as newcomers, may have not yet experienced this selection (Rocha et al. 1998; . Such restriction avoidance would lead to a decrease in the virulence of the particular restrictionmodification system, which will almost always be beneficial for the host and can be beneficial to the restriction-modification system itself under some conditions (Table 3) .
The presence of mutationally inactivated restriction-modification gene complexes in sequenced genomes such as H. pylori (Nobusato et al. 2000b; Lin et al. 2001) [REBASE] (see Sect. 2.5) may have resulted from similar selection against toxic restriction-modification systems and possibly from some mutagenesis processes (see Sect. 6.2 below). [7] Host exonuclease/recombinase Destruction of incoming nonself action at a restriction break DNA and recombination repair of chromosomal self-DNA by RecBCD enzyme (Heitman et al. 1999; Handa et al. 2000; see Sect. 6.5; Fig. 10, right) [8] SOS responses to DNA breakage Model 1987, 1991 ; by restriction enzymes and Handa et al. 2000) methylated-DNA-specific endonucleases
[9] Mutagenesis SOS mutagenesis; elevated mutation at 5-methylcytosine (Lieb 1991; Friedberg et al. 1995; see Sect. 6.2) [10] Anti-mutagenesis Very-short-patch mismatch repair (Lieb 1991) ; V.MthTI Mol et al. 2002; see Sect. 6.2) [11] Selection against the target See Sect. 6.1 (Gelfand and Koonin 1997; sequences resulting in restriction Karlin et al. 1998a; Rocha et al. 1998 Rocha et al. , 2001 ) site avoidance in bacterial genomes 
Mutagenesis and Anti-Mutagenesis
The presence of a restriction-modification gene complex and the action of a restriction enzyme (Heitman and Model 1991) induce the SOS response (Table 3 [ 10] ). The action of a methylated DNA-specific endonuclease also induces the SOS response (Heitman and Model 1987) . The global mutagenesis would generate heterogeneity in the cell population as it does in other stressful conditions (Higgins 1992) and may thereby help the survival of the genome. These mechanisms could contribute to the evolution of restriction avoidance and to the inactivation of a restriction-modification gene complex. DNA methylation may locally increase mutation. 5-methylcytosine shows a higher rate of deamination than cytosine. Its deamination at the C/G pair in duplex DNA results in the formation of thymine and hence the generation of a T/G mispair (Friedberg et al. 1995; Lieb 1991) . Very short patch mismatch correction by a vsr gene linked to dcm, a solitary cytosine methyltransferase in E. coli (see Sect. 5.2), can repair this mispair and restore the mC/G pair (Lieb 1991) . A homologue of the vsr gene is linked with several restrictionmodification gene complexes that produce 5-methylcytosine [REBASE] , some of which have been shown to be active (Table 3 [ 11] ). The local mutagenesis induced by the action of the restriction-modification systems leads to loss of the restriction sites along the genome, which can be beneficial to the host. The anti-mutagenesis of Vsr homologues linked with restriction-modification would prevent such loss and would be immediately beneficial to the restriction-modification system.
End Joining
A restriction break on the chromosome may be repaired through precise endjoining by DNA ligase (Heitman et al. 1989) . Such repair by ligation may be associated with the insertion of a DNA fragment generated by the restriction enzyme (Schiestl and Petes 1991) . It is not clear whether these REMI (restriction-enzyme-mediated integration) events do actually take place under natural conditions.
Joining at nonhomologous ends and other forms of illegitimate (nonhomologous) recombination might restore a viable but rearranged genome. A nonhomologous end-joining mechanism associated with restriction breakage and with homologous DNA interaction has been observed ).
Homologous Recombination by Bacteriophages
Of the many antirestriction strategies used by bacteriophages and plasmids (Bickle and Kruger 1993) ,the homologous recombination machinery carried by bacteriophages appears to be particularly well adapted to counteracting attacks by a variety of restriction-modification systems (Kobayashi 1998) . Lambdoid (lambda-related) bacteriophages may repair the restriction break by a doublestrand break repair mechanism (Fig. 10, left) , in which a double-strand break is repaired by copying homologous DNA with or without associated crossingover of the flanking sequences (Takahashi and Kobayashi 1990) .
Recombination stimulated by a restriction break may also take place between co-infecting sister genomes in a clone. In addition, recombination may take place with a partner -possibly present as a prophage -from another phage clone possessing a divergent genome. Such out-crossing could confer several advantages in addition to the primary advantage of the immediate restoration of the cleaved phage chromosome. If the template DNA were to lack the recognition site, recombination might result in a DNA region that lacks this particular restriction site. The crossing-over (or half crossing-over) of flanking sequences could also confer a third kind of advantage. Here, alleles at different locations that are either sensitive or resistant to a particular restriction enzyme could be recombined to generate rare combinatory genotypes. Some would be more resistant to attack by the present set of restriction-modification systems than the current major combinations, and they would increase in number. As a phage population encounters bacterial populations possessing various combinations of restriction-modification systems with diverse sequence specificities, these processes of breakage, repair, gene conversion and crossing-over will take place. Such host-parasite-type arms races could continue forever.
Cellular Homologous Recombination in Conflict and Collaboration with Restriction-Modification Gene Complexes
The chromosomal breakage generated following the loss of a restrictionmodification gene complex leads to extensive chromosome degradation by RecBCD exonuclease in E. coli (Fig. 10, right; Handa et al. 2000) . This exonuclease switches to recombination repair when it encounters a specific sequence, called chi, on the genome . The specific sequence varies among bacterial groups (el Karoui et al. 1998) and may serve as an identification marker of the genome of a group. The specificity in this sequence recognition can be altered by a mutation in this exonuclease/recombinase (Handa et al. 1997; Arnold et al. 2000) .
This exonuclease-based system may represent another mechanism that allows the genome to distinguish between 'self ' and 'nonself ', similar to the ; i, ii) . The break stimulates (the double-strand break-repair type) homologous recombination of this chromosome with a homologous uncut chromosome, occasionally one without the recognition sequence (a-b-c; ii). Break repair through gene conversion regenerates an intact duplex DNA, which might lack the sequence (B) attacked by this restriction modification system (iii). The flanking crossing-over as well as the gene conversion will generate rare recombinant genotypes (a-b-C) that are more resistant to the attacks by the present set of restriction modifications systems (iv). These genotypes will relatively increase in frequency. The phage population will encounter bacterial populations with different combination of restrictionmodification systems with a variety of recognition sequences (v). The above genotypes may not be most resistant to these. Their attack would trigger another round of repair and recombination. R Restriction enzyme; RM restriction-modification system; A and a allelic sequences; B and b allelic sequences, the former being sensitive to the first restriction enzyme and the latter insensitive; C and c allelic sequences. Right Destruction/ repair by bacterial homologous recombination machinery at a restriction break. From a restriction break on any DNA within the cell (A), the bacterial (Escherichia coli) RecBCD enzyme starts exonucleolytic degradation (B). It will completely destroy the DNA (C) unless a chi sequence on the chromosome attenuates degradation and switches the enzyme action to homologous recombination (D, E). Bottom Conflict and collaboration among an invading DNA, a restriction-modification system, and RecBCD system within a genome. The RecBCD system will collaborate with a restriction-modification gene complex in destroying invading DNAs, but it will repair its own chi-marked chromosome after attack by some restriction-modification gene complex. The foreign DNA may carry a DSB (double-strand break) repair machinery to repair the breaks endonuclease-based restriction-modification systems. The host RecBCD system is known to destroy invading bacteriophage DNAs (nonself DNA) after restriction cleavage (Fig. 10, bottom) . If incoming DNA carries hi, the exonucleolytic degradation would be attenuated and parts of the fragment may be incorporated into the chromosome, if not rejected by the mismatch repair system. This would result in the mosaic polymorphisms of the chromosome seen within a bacterial group (McKane and Milkman 1995) .
Selfish Genome Rearrangement Model
The restriction-modification genes are often strain-specific and are associated with genome rearrangements as described above (Sect. 2). Some of the rearrangements may be ascribed to the activity of their vehicles -mobile ele- Fig. 11 . Selfish genome rearrangement model. When the expression of a restrictionmodification gene complex is somehow disturbed, the unmethylated sites are exposed to attack by the restriction enzyme. This leads to death of the cell and survival of the intact genome in the other cells in the clone. The restriction breaks will stimulate various forms of recombination and create numerous rearranged genomes. If a particular rearranged genome allows the expression of the restriction-modification gene complex, the methylation of the recognition sites along the genome will resume and the restriction attack will cease. R restriction; M modification; RM a restriction-modification gene complex. (RM) The restriction-modification gene complex that is not expressed. Reproduced from Nucleic Acids Research (Kobayashi 2001) ments such as prophages and transposons. However, some forms of the rearrangements, such as operon insertion and insertion with long target duplication (Fig. 3) , suggest direct participation of the restriction-modification gene complexes in the rearrangement processes Kobayashi 2001) .
Supporting this is that a threat to a restriction-modification gene complex under laboratory conditions leads to the recovery of variously rearranged genomes (Handa et al. 2001; Sadykov et al. 2003) . The restriction-modification gene complex might both generate various rearranged genomes through attack, and select those genomes that have allowed their genes to be expressed, as illustrated in Fig. 11 . There is evidence for both the aspects of this 'selfish genome rearrangement' model (Kobayashi 2001) .
Towards Natural Classification of Restriction Enzymes
The decoding of bacterial genome sequences revealed the presence of a wide variety of restriction-modification genes and restriction enzymes. This diversity requires a new type of classification of restriction enzymes and their genes. A new nomenclature, as opposed to classification, for restriction enzymes and their genes has been proposed (Roberts et al. 2003a) . Given that the diversity of restriction-modification systems is equivalent to the diversity of life, these systems may be viewed as a form of life, just as viruses, transposons and other mobile elements are.This view might further aid the classification of these systems. Such natural classification based on their evolution would help us to understand these systems and ultimately would promote their use.
There are already extensive works on the phylogeny of modification enzymes that are similar to one another (for example, (Bujnicki 2001; Nobusato et al. 2000a) ). Structural genomic analyses will also soon reveal the hidden evolutionary relationships between the restriction enzymes (Bujnicki 2000) , and the construction of satisfactory phylogenetic trees or networks for restriction enzymes will then be possible. There are many clearly dead restriction and/or modification genes in the sequenced genomes (see above). These are likely to be particularly informative about the biology and evolution of restriction-modification systems. These dead or inactivated genes could be somehow linked with the functional genes as in the case of defective transposons or defective viruses.
One natural way of classifying organisms is by their mutual competition. Plasmids are classified according to their incompatibility: when two plasmids are similar in the regulatory system in replication, they fail to co-exist in the same host. Restriction-modification systems compete with each other for recognition sequences (Sect. 5.1; Kusano et al. 1995) . The recognition sequences define the ecological niches for their adaptation and hence provide one clear criterion of their classification.
Another type of incompatibility is mutual exclusion (Sect. 5.3; Nakayama and Kobayashi 1998) . This interference takes place because their specificity in the regulatory system is the same and because their recognition sequences are not identical. Therefore, mutual exclusion provides another aspect for the elementary classification of restriction-modification systems. The restrictionmodification systems have been classified into the following exclusion groups to date: BamHI, PvuII, EcoRV, EcoRII, SsoII (Nakayama and Kobayashi 1998; Chinen et al. 2000a) .
Some Type II restriction enzymes show a unique property that distinguishes them from the prototype Type II restriction enzymes (Roberts et al. 2003a) . For example, some need two copies of their recognition sequence. Others show atypical subunit composition and/or gene fusion. These properties are expected to have resulted from adaptation through natural selection acting on the restriction-modification systems (or from a mere accident in their evolution). Unfortunately, we do not know yet the underlying natural selection or the relevant ecological niche in the genome that drove the acquisition of most of these properties. Understanding why will be a major goal of the study of restriction enzymes in coming years.
Application of the Behavior of Restriction-Modification Gene Complexes as Selfish Elements
The re-discovery of restriction-modification gene complexes as a form of life makes it possible to utilize them in science, biotechnology and medicine in several ways. One way is to use restriction enzyme genes for positive selection in gene cloning (O'Connor and Humphreys 1982; Kuhn et al. 1986; Jamsai et al. 2003) . Those clones that have lost the ability to attack the host genome will be recovered. The restriction-modification gene complexes can also be used to control survival and death of bacteria (Torres et al. 2000; Takahashi et al. 2002) . A plasmid carrying a toxin gene (for EcoRI) cannot escape a host cell carrying a cognate antitoxin gene (for M.EcoRI) on its chromosome (Torres et al. 2000) . Restriction-modification gene complexes have already been used for the stable maintenance of plasmids (see Table 2B ) and should be useful for the stable maintenance of other types of mobile genetic elements. Restrictionmodification gene complexes have also been shown to help the maintenance of chromosomal linked genes (Handa et al. 2001; Sadykov et al. 2003) . In addition, the ability of a restriction-modification gene complex to amplify itself together with a linked gene and with an allelic gene (Sect. 4.3; Sadykov et al. 2003) could help the amplification of useful genes, which in turn would help to elevate their expression and efficient spread. The hypothetical virus-like life cycle of restriction-modification gene complexes, if proven, may also make it possible to use them as a new type of vector. Furthermore, the ability of restriction-modification gene complexes to cause various types of genome rearrangements and/or to select some of these would provide a novel method of inducing artificial genome evolution (Handa et al. 2001) . Artificial homing of ecoRI flanked by two EcoRI sites into an unmodified EcoRI site (Sect. 6.6; Eddy and Gold 1992) may provide another way of moving genes.
A Hypothesis on the Attack by Restriction-Modification Gene Complexes on the Chromosomes
When the destruction of one gene leads to the death of an organism under a standard condition, this gene is defined as being essential to this organism. The assumption implicit here is that the function of this gene is important to the activities of this organism. This dogma in current biology is challenged by the observation of post-segregational killing by, for example, a restrictionmodification gene complex. This is because the inactivation of a modification gene of a restriction-modification gene complex leads to cell death, and therefore this antitoxin gene should be classified as an essential gene.
This argument implies that the addiction capacity, or the ability to kill a host or inhibit its growth when their persistence is threatened, can be a general property of gene sets controlling any function. A genome may gradually become dependent on or "addicted" to a set of initially "dispensable" genes that have joined it ( Fig. 2A; Yarmolinsky 1995) . In other words, these gene sets may co-evolve with the host genome since their first appearance to the point that they can program cell death upon being eliminated from the genome .
Attempts to resolve the conflicts between potentially selfish genes in a genome through addiction-related mechanisms may be a basis for the evolution and maintenance of several genetic systems . Use of the chromosome, a one-dimensional continuous structure where genes reside, as genetic material can be also understood from the point of view of post-segregational killing as discussed below .
Recent works revealed that chromosomes in bacteria and vertebrates suffer double-strand breaks at a high frequency (Michel et al. 1997; Handa et al. 2000; Handa and Kobayashi 2003; Sonoda et al. 1998 ) even in the absence of external agents. In eukaryote cells, the double-strand breakage turns on checkpoint control mechanisms leading to repair or cell death. The endonuclease that presumably introduces a break at a stalled replication fork in the eukaryotes and in the archaea shares structural similarities with restriction enzymes (Nishino et al. 2003) .
In a chromosome, all the genes align hand in hand in the continuity of duplex DNA (Fig. 9B) . The suicide of one gene (gene a) by DNA breakage at its resident locus in the chromosome would lead, through chromosome degradation, to death of all the other genes residing on the same chromosome and, eventually, to the death of the cell (Fig. 9B) . As a result, the intact copies of the gene (gene a) would survive in the neighboring clonal cells.Every gene making up a community of thousands of genes can force its maintenance in the genome in this way. This would be impossible if each gene resides on an independent replication unit (as in Fig. 9C ). (This situation is not entirely hypothetical because there are such mini-chromosomes in the macronuclei of some unicellular eukaryotes.) This may explain why a plasmid benefits from carriage of a special addiction gene set, such as a restriction-modification gene complex, which also forces its maintenance by chromosome breakage (although in trans).The selfishness of the genes and the social order as a genome are unified in the structure called a chromosome. This combination of the chromosomal double-strand breakage and degradation may play the role of a social contract that enforces order onto the society of genes (the genome) by assuring the healthy status of each gene. In other words, a chromosome represents a genetic system that is held together by the mutual addiction of the genes. Spontaneous chromosomal breakage becomes evident when subsequent steps of the recombination repair of the breaks are blocked. The breakage will be repaired depending on the conditions (see Sect. 6.5; Fig. 10, right) . The restriction-modification systems could represent parasites/symbionts that take advantage of this programmed cell death/revival process.
Conclusions
In conclusion, there is now convincing evidence that several restriction-modification systems may be regarded as representing a form of life. One strategy that promotes their survival is genetic addiction, where the host genome is attacked when their persistence is threatened. This results from their elementary activity of cutting nonself DNA marked by the absence of proper methylation. They may move within a genome and between genomes and multiply their own DNA. Their dynamic interactions with the host genome are likely to have affected genome evolution. The structure and function of restriction enzymes may have resulted from adaptation, through selection, to their symbiotic life cycle.
Despite the more than 50,000 publications that are related to restriction enzymes and, presumably, the millions of experiments that involve them, we are far from understanding these proteins. Indeed, we rediscovered them only recently. The study of these simple and yet fascinating forms of life will provide insights into life and death at the DNA level.
